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3. Multi Agent Systems 
One of the characteristics of an E-manufacturing system 
is autonomus decision making through the use of 
artificial intelligent agents. An agent is a computer entity 
that is capable of making autonomous actions on behalf 
of its owner [9]. This is achieved by embedding 
behaviours, beliefs, desires and intentions which will 
guide the agent to make decisions. Agents have caused a 
paradigm shift in computer software systems and 
application of E-Manufacturing by giving computers 
artificial intelligence which has made them to become 
more than just obedient and unimaginative servants [10]. 
In a Multi Agent System (MAS), agents exist in an 
environment and interact by using sensors and effectos 
[10], [10], [12],[13]. MAS now have a wide variety of 
industrial, commercial, governmental, military, and 
entertainment applications [14], [15]. Several MAS 
based applications for manufacturing have been 
developed [16],[17],[18],[19],[20]. The paper presents a 
proposed decision making framework for a 
manufacturability agent an E-manufacturing framework 
presented in [1], [21].  
The proposed manufacturability agent consists of three 
modules manufacturability index module, part grouping 
module and machine selection module.  
4. Manufacturability index module  
The manufacturability of a part may be viewed as a 
hierarchy of the geometrical and technological attributes 
for producing its features as shown in Figure 1. 
4.1. Geometric attributes 
Geometric attributes indicate the complexity of the 
features in the part.
4.1.1. Accessibility Index 
The quantitative estimate of accessibility (QEA) 
developed by Srinivasa [22],[23],[25] is used to 
calculate the accessibility index.  
ܣܫ ൌ ܳܧܣ ൌ ሺଶఈାఉሻଶ଻଴     (1) 
Where ߙ is is the angle in degrees between the primary 
access line and the surface normal. ߚ  is the angle 
between the secondary access line and the line parallel to 
the surface. 
4.1.2. Complexity Index 
The more faces a part has the more complex it is. 
Complexity index is given as the inverse to the number 
of faces a part has [25]. 
ܥܫ ൌ ଵே௨௠௕௘௥௢௙௙௔௖௘௦௢௡௧௛௘௣௔௥௧    (2)
4.1.3. Feature orientation index 
The angle of orientation of a feature determines the ease 
of machining of the feature and the numbers of axis of 
CNC required in machining the part. The three axis CNC 
has been selected as the most basic CNC machine. 
Feature orientation index is given by the ratio of the 
number of features perpendicular or parallel to the axis 
of a three axis CNC ( ௣ܰ) to the total number of features 
on the part [25]. 
ܨܫ ൌ ே೛ே௨௠௕௘௥௢௙௙௘௔௧௨௥௘௦௢௡௧௛௘௣௔௥௧   (3)
4.1.4. Dimensions Index 
The overall size of the part will determine the size of the 
machines required.  
ܦܫ ൌ  ቄͳݏ݅ݖ݁݋݂݄݉ܽܿ݅݊݁݅ݏܽݒ݈ܾ݈ܽ݅ܽ݁Ͳܱݐ݄݁ݎݓ݅ݏ݁    (4)
4.1.5. Geometry Index 
The geometry index is a measure which indicate the ease 
with which the features can be produced 
ܩܫ ൌ ܣܫሺ ஺ܹூሻ ൅ ܥܫሺ ஼ܹூሻ ൅ ܨܫሺ ிܹூሻ ൅ ܦܫሺ ஽ܹூሻ  (5)
Where ஺ܹூ , ஼ܹூ . ிܹூ , and ஽ܹூare geometry weights. 
஺ܹூ ൅ ஼ܹூ ൅ ிܹூ ൅ ஽ܹூ ൌ ͳ
Table 1. Surface finish for manufacturing processes [24] 
Process Surface roughness (ȝm) 
50 25 12.
5 
6.3 .2 1.6 0.8 0.4 0.2 0.1 0.0
5 
0.025 0.012 
Sawing          
Planning       
Drilling         
Milling      
Turning    
Grinding    
 Average range  Less frequent range 
a, m and b are the minimum, median of average range 
and maximum surface ranges for each process. 
Fig. 1. Manufacturability index module  
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4.2. Technological attributes 
Technological attributes are important in determining 
manufacturability of a part. The specified tolerances and 
surface finish will determine the number of operations 
required, frequency of tool change and type of 
equipment required to produce the part.
4.2.1. Surface Finish index 
Generally the finer the finish of a part, the greater the 
cost. Table 1 gives the ranges for surface roughness 
obtained by different processes.The surface factor is 
derived using the triangular distribution function.
SFIൌ ቐ
ሺ௫ି௔ሻమ
ሺ௠ି௔ሻሺ௕ି௔ሻ ܽ ൑ ݔ ൑ ݉
ͳ െ ሺ௕ି௫ሻ
మ
ሺ௕ି௔ሻሺ௕ି௔ሻ݉ ൑ ݔ ൑ ܾ
   (6) 
4.2.2. Tolerance Index 
The triangular distribution function in Equation 6 is used 
to calculate the tolerance index using the tolerance 
ranges developed by Trucks [25] as shown in Table 2. 
Table 2. Tolerance range of machining processes [25] 
Sizes Tolerances (0.001) 
From To 
0.0 Ϭ͘ϱϵ
ϵ
Ϭ͘ϭ
ϱ
Ϭ͘
Ϯ
Ϭ͘
ϯ
Ϭ͘
ϱ
Ϭ͘
ϴ
ϭ͘
Ϯ
Ϯ͘
Ϭ
ϯ͘
Ϭ
ϱ͘
Ϭ
Lapping        
Grinding       
Broaching       
Reaming     
Turning    
Milling     
Drilling      
4.2.3. Operation Index 
The operation index is the ratio of number of operations 
that can be performed by the company to the total 
number of operations required to machine a part. If a 
company is capable to do most of the operations then it 
is in a position to machine the part.   
ܱܫ ൌ ை௣௘௥௔௧௜௢௡௦௔௩௔௜௟௔௕௟௘்௢௧௔௟௢௣௘௥௔௧௜௢௡௦     (7) 
4.2.4. Finish Index 
The finish index is given by 
ܨܫ ൌ ܵܨܫሺ ௌܹிூሻ ൅ ܶܫሺ ்ܹூሻ ൅ ܱܫሺ ைܹூሻ   (8)
Where ௌܹிூ , ்ܹூ. and ைܹூare finish weights. 
ௌܹிூ ൅ ்ܹூ ൅ ைܹூ ൌ ͳ
4.3. Manufacturability index (MI) 
The overall manufacturability Index is given by 
ܯܫ ൌ ܩܫ ൅ ܨܫ     (9)
The higher the manufacturability index the more capable 
a company is to manufacture a part. The lower 
manufacturability index indicates that a company is less 
capable to manufacture a part. The company will then 
have to subcontract other companies or machines from 
other companies.  
5. Part grouping module 
The module consists of two sub modules: the part 
classification and coding module and the machine 
classification coding. Parts to be machined are uploaded 
and grouped using the part classification and coding 
module. Machines available are uploaded using the 
machine classification module. 
5.1. Part coding and classification system 
The system uses a multi-mode coding structure 
developed from the Opitz coding system. The first five 
digits of the system represent the form code for the part 
to be machined according to the Opitz classification 
system. The next four digits which form the 
Supplementary code represent the manufacturing 
attributes which are the dimensions, material, original 
shape of the raw material and the tolerances. The last 
part of the code represents the manufacturing processes 
required to manufacture the product and their sequences. 
The structure of the last part of the coding system is 
represented on Figure 2. 
The machine processes and sequence are used to develop 
the process flow for the part and then find the machinery 
more likely to be used to machine the part by developing 
a virtual manufacturing cell using the sequence of the 
required manufacturing processes as the part routes. 
Figure 3 shows an over view of the methodology. The 
process time/unit and the batch size are used to calculate 
the total time required for machining the whole batch 
and hence the total cost required.  
5.2. Part clustering. 
Parts are clustered according to their characteristics and 
features using the form and supplementary code and then 
according to the manufacturing processes. The similarity 
coefficients-based method (SCM) is used to group the 
parts. This is because of its flexibility compared to other 
Fig. 2. Manufacturing process coding 
b m a 
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cell formation methods[21],[28].  
Step 1 
Similarity between any two parts is given by   
௜ܵ௝ ൌ
σ ௦೔ೕೖ಼ೖసభ
σ ఋ೔ೕೖ಼ೖసభ
                    (10)
ݏ௜௝௞ ൌ ͳ െ
ห௑೔ೖି௑ೕೖห
ோೖ
               (11) 
ߜ௜௝௞ ൝
ͳ

Ͳ
Where ௜ܵ௝  is the similarity between part i and part j;ݏ௜௝௞
is the score between part i and part j on attribute k; ௜ܺ௞ is 
the weight assigned to part i for attribute k; ௝ܺ௞  is the 
weight assigned to part j for attribute k; ܴ௞ is the range 
of attribute taken over the population of parts; ݇ is the 
number of attributes. 
The grouping algorithm uses the Average Linkage 
Clustering (ACL) technology developed by Offodile 
[29]. 
Step 2 
A second clustering stage groups parts that have the 
same machining sequence together. It is based on the 
work done by Tam [30] which uses the Levenshtein 
distance measure [31] to develop a similarity coefficient 
between operation sequences. The distance between two 
sentences is defined by the set of edit operations and is 
the smallest chain of the edit operations transforming 
one sentence to another i.e. the least number of edit 
operations required to transform the first sentence to be 
similar to the second sentence. The edit operations 
involved are insertion, deletion and substitution. 
The distance between the sequences of operations 
required to machine a part is transformed into the 
similarity coefficient between the operations. The 
weighted similarity coefficient ݀௪ሺݔǡ ݕ ) between two 
operation sequences ݔ  and ݕ  is the least number of 
transformation required to get ݕ  from ݔ  and can be 
defined as  
݀௪ሺݔǡ ݕሻ ൌ ሺݓ௦݊௦ ൅ ݓௗ݊ௗ ൅ ݓ௜݊௜ሻ (12)
Where ݓ௦ǡ ݓௗݓ௜  are non-negative weights for 
substitution, deletion and insertion transformations 
respectively, ݊௦ǡ ݊ௗܽ݊݀݊௜  are the number of the 
substitution, deletion and insertion transformations 
respectively. 
5.3. Weighted similarity coefficient 
The weighted similarity coefficient is computed using 
the following algorithm: 
Input: ݔ = ݔଵݔଶݔଷ….ݔ௡
  ݕ = ݕଵݕଶݕଷ...ݕଵ
ݓ௦ǡ ݓௗǡ ݓ௜ ൒ Ͳ
Output: ݀௪ሺݔǡ ݕሻ
Algorithm: 
Step 1: Initialization 
i. Set n to be the length of the operation sequence ݔ
and m to be the length of the operation sequence ݕ
ii. Create an ݊ by ݉ matrix ܦ௪; 
iii. Initialize ܦ௪ሾͲǡͲሿ =0; 
iv. Initialize the first row (ܦ௪ሾͲǡ ݅ሿ, Ͳ ൑ ݅ ൑ ݊) to be the 
sequence 0,ݓ௜ , 2ݓ௜ ,...݊ݓ௜; 
v. Initialize the first column (ܦ௪ሾ݆ǡ Ͳሿ, Ͳ ൑ ݆ ൑ ݉) to be 
the sequence 0, ݓௗ,2ݓௗ,...݉ݓௗ; 
Fig. 3. Overview of similarity search for manufacturability agent
Start 
Step 1 
Form part attribute matrix 
for the parts to be grouped
Step 2 
Calculate the similarity 
coefficients for the parts
Step 3 
Select max ௜ܵ௝ from Step 2 
to initiate a group ܩ௜
Is there more 
than one max 
௜ܵ௝
Initiate another group(s) ܩ௝
Step 4 
Apply Average Linkage Technology. 
Similarity ௜ܵ௝ሺ௞ሻ between parts i and j which are part of the 
group and part j outside the group is given by  
σ ሺௌ೔ሺೖሻǡௌೕሺೖሻሻ
అཆ௞ఢெႯீೞ ,ཆ݇ ב ܩ௥
Step 5 
Is ௜ܵ௝ such that 
i(j)׫G
Select the maximum ௜ܵ௝ and 
initiate another group ܩ௝
Add i(j) to ܩ
Step 6 
Are all parts 
grouped? 
Stop 
Yes 
No Yes 
Yes 
No 
No 
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Step 2: Processing 
For ݅=1 to ݊
For ݆=1 to ݉
 If (ݔ௜ ൌ ݕ௜) then  
  ݏݑܾ ൌ ܦ௪ሾ݅ െ ͳǡ ݆ െ ͳሿ (The cell diagonally above 
and to the left) 
 Else 
ݏݑܾ ൌ ܦ௪ሾ݅ െ ͳǡ ݆ െ ͳሿ ൅ ݓ௦  (The cell diagonally 
above and to the left plus the substitution weight)
݈݀݁ ൌ ܦ௪ሾ݅ െ ͳǡ ݆ሿ ൅ ݓௗ  (The cell the above plus 
the deletion weight) 
ܽ݀݀ ൌ ܦ௪ሾ݅ǡ ݆ െ ͳሿ ൅ ݓ௜  (The cell to the left plus 
the insertion weight) 
݀௪ሾ݅ǡ ݆ሿ ൌ ݉݅݊ሼݏݑܾǡ ݈݀݁ǡ ܽ݀݀ሽ  (Minimum of the 
edition operations) 
Step 3: Result 
݀௪ሺݔǡ ݕሻ ൌ ܦ௪ሾ݊ǡ݉ሿ               (13) 
The similarity coefficient matrix is formed from݀௦ሺݔǡ ݕሻ. 
Where ݀௦ሺݔǡ ݕሻ ൌ ሺ݀௪ሺݔǡ ݕሻǡ ݀௪ሺݕǡ ݔሻሻ
To normalise the results a new matrix ܵ௖is created [30], 
[32]. 
ܵ௖ሾ݅ǡ ݆ሿ ൌ ݂ሺ݀௡ሾ݅ǡ ݆ሿǡ ܿሾ݅ǡ ݆ሿሻ                   (14) 
Where  
݀௡ሾ݅ǡ ݆ሿ ൌ
ௗೢሾ௜ǡ௝ሿ
୫ୟ୶ ሼௗೢሾ௬ǡ௭ሿሽ
,, ͳ ൑ ݕǡ ݖ ൑ ݊ݑܾ݉݁ݎ݋݂݌ܽݎݐݏ
ܿሾ݅ǡ ݆ሿ ൌ 
ห ௜ܲ ת ௝ܲห
ȁܲ݅ ׫ ݆ܲȁ
݀௡ሾ݅ǡ ݆ሿ is the normalised similarity coefficient between 
the two parts. ܿሾ݅ǡ ݆ሿ is a coefficient representing the 
commonality of operations between two parts.݂  is a 
function that maps these two parameters onto a linear 
range and is given by: 
݂ሺ݀௡ሾ݅ǡ ݆ሿǡ ܿሾ݅ǡ ݆ሿሻ ൌ ݓ௡݀௡ሾ݅ǡ ݆ሿ ൅ݓ௖ሺͳ െ ܿሾ݅ǡ ݆ሿሻ
Where  
ݓ௡ ൅ ݓ௖ ൌ ͳ and ݓ௡ǡݓ௖ ൒ Ͳ
Once the matrix has been created the ACL technology is 
used to group the parts. 
6. Machine selection module 
In the selection of machinery for machining parts three 
priorities are considered to ensure the company remains 
competitive. These are the quality of products, cost of 
production and delivery time. With machines being able 
to do a variety of operations in machining a part the 
selection of the machinery which can be used to machine 
a part in the part groups developed by the part group 
module becomes a multi criteria decision making 
problem hence we use the Analytical Hierarchical 
Process (AHP) methodology to select the machinery. 
This paper only discusses the decision making criteria of 
the system. A four level decision hierarchy is used by 
the system. The top level priorities in Figure 4 are linked 
to the alternative machines that are suitable to machine 
the parts in the similarity group by the hierarchies in 
Figure 5 to Figure 7. 
The quality priority in Figure 5 ensures that the selected 
machinery is capable of producing a part with better 
conformance to the given specifications. This includes 
the surface finish and tolerances. The more operations a 
machine is capable of performing the higher the ability 
to produce more complex parts and the higher the 
quality of the part as the number of set ups to produce a 
part are reduced. The quality certificates a company has 
and references can also be used as an indication of 
whether the company will be able to produce a part with 
the desired quality. From a survey conducted most of the 
manufacturers indicated that they prefer working with 
companies they have previously done business with and 
those refereed to them by friends and other customers. 
Production costs in Figure 6 are considered before the 
overall costs of subcontracting a machine. This is so as 
to enable the evaluation of benefits that may be gained 
from using machinery which might be rejected from the 
first glance if subcontracting costs are considered at an 
early stage of decision making. The objective is to select 
a machine with the minimum cost but maximum 
benefits. The time priority in Figure 7 ensures that the 
selected machinery is capable of producing the parts and 
Fig. 4. Machine selection top hierarchy
Fig. 5. Quality priority
Fig. 6. Cost factors
Quality 
No of 
operations 
done on 
machine  
Surface 
finish 
Tolerance Part 
Complexity
Alternative machines 
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Goal: 
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Quality Cost Time 
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parts are delivered to the customer in the required time. 
The machine should also be available.  
7. Conclusion 
In the paper a manufacturing agent framework is 
proposed. The manufacturing agent consists of three 
modules manufacturability index module, part grouping 
module and machine selection module. The 
manufacturability index indicates whether the 
manufacturer is capable of producing the part. Part 
grouping module groups parts to be machined according 
to similarity and operations to be done. The machine 
selection module uses AHP to assist human expert to 
select machinery available on an online registry. The 
manufacturability agent can assist manufacturing SMEs 
which cannot afford the costs of implementing ERP 
systems to increase visibility and chances of selection of 
their machinery when customers and suppliers are 
selecting machinery or parts for subcontracting. The 
agent also enables the SMEs to increase their 
manufacturing capabilities as they are able to select 
machinery for operations they are not able to perform in 
their plants. The agent is developed implemented using 
the Java Agent Development Framework (JADE) and 
will be implemented at a tooling cluster. 
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